ABSTRACT Calcification may be a cause of allograft valve degeneration. To determine whether immunological differences between donor and recipient affect the degree of calcification that occurs, adult Lewis rats received aortic valve allografts transplanted heterotopically into the abdominal aorta. All valves were transplanted immediately after harvest. The valves were not exposed to antibiotics or albumin before insertion. Valve donors were of the Lewis (syngeneic), F344 (weakly allogeneic, RT1 compatible, non-RT1 incompatible), LBN F1 (moderately allogeneic, one haplotype identical, one haplotype incompatible at the RT1 and non-RT1 loci), and Brown Norway (strongly allogeneic, RT1 and non-RT1 incompatible) strains. Valves were harvested 3-1 2 weeks following transplantation. Scanning electron microscopy and energy dispersion x-ray microanalysis were performed on one leaflet of each valve t o evaluate calcium content. Calcium content expressed in counts (mean 2 standard error) according t o donor strain were: Lewis, 1642 f 233; F344,4853 f 1412; LBN F1,4714 f 823; and Brown Norway, 4358 835. Significant differences (p < 0.05) existed between valvesfrom Lewis donors and those from each other strain. No differences among the other strains were statistically significant. It is concluded that syngeneic valve allografts calcify less than allogeneic grafts. However, the degree of allogenicity did not influence the magnitude of calcification. allograft, aortic valve, calcification, immunogenicity Calcification of aortic valve allografts is an important mechanism of valve failure.',* The fac-
immunological stimuli, they would be susceptible to a response from an immunologicallycompetent host. Whether this phenomenon can be demonstrated, and what form it may take, is unclear. This investigation was designed to test the hypothesis that calcification of aortic valve allografts is related to immunological differences between donor and recipient. This study used a rat model that permitted a reproducible degree of histoincompatibility between donor and recipient. Calcification was evaluated by means of an elemental microanalysis method, which permitted greater precision in localizing calcium deposits than would have been possible with bulk biochemical measurements.
METHODS
Heterotopic transplantation of aortic valve allografts was performed as described originally by Yankah et al! Inbred male rats (250-300 g body weight) underwent general anesthesia with 3.6% chloral hydrate solution (1 mLll00 g body weight) administered by intraperitoneal injection. Under clean conditions, the heart and ascending aorta were excised and rinsed in 0.9% saline. The aortic valve with attached ascending aorta, anterior mitral leaflet, and small portion of left ventricular outflow tract was dissected and placed in chilled, heparinized saline while the recipient animal was prepared. Recipient rats underwent laparotomy and dissection of the abdominal aorta under a x 14 operating microscope. The recipient aorta was occluded proximally and distally and divided. An end-toend interposition of the allograft was performed using 8-0 polypropylene suture. The anterior leaflet of the aortic valve was incorporated into the suture line to prevent valve competence, which may predispose to thrombosis. The abdomen was closed and the animal allowed to recover.
All heterotopic valve recipients were 10-1 2 week old, male Lewis rats, while donors of the same age and sex were obtained from the following strains selected for their varying degrees of histoincompatibility: Lewis (syngeneic), F344
(weakly allogeneic, RTl compatible, non-RT1 incompatible), LBN F1 (moderately allogeneic, one haplotype identical, one haplotype incompatible at the RT1 and non-RT1 loci), and Brown Norway (strongly allogeneic, RT1 and non-RT1 incompatible). The valves remained in place for 3,6,9, or 12 weeks. After the designated interval, the animals were again subjected to general anesthesia, the grafts were retrieved, and the animals were sacrificed.
The retrieved grafts were rinsed in saline and washed free of salts with distilled water. They were secured to a specimen holder with O.C.T. medium (Miles Laboratories, Inc., Naperville, IL, USA) and quick frozen in liquid nitrogen. Sections 8-pm thick were cut using a cryostat at -2OOC and mounted on carbon stubs. The specimens were freeze-dried at -4OOC for 12 hours, followed by a 40-hour period at room temperature. The tissue was carbon coated. Alternate 8-pm sections were mounted on chromealum coated glass slides and stained with Von Kossa's procedure for calcium phosphates and counterstained with eosin. These served as references for locating specific tissue regions to be analyzed with electron microscopy and energy dispersive spectroscopy. The freeze-dried leaflets were examined with a Hitachi s-570 scanning electron microscope (Hitachi, Mountain View, CA, USA) equipped with a Kevex 8000 energy dispersive spectrometer and quantum detector (Kevex, San Carlos, CA, USA). Energy dispersive x-ray microanalysis (EDX) was performed on five distinct reduced-screen areas of one leaflet of each valve to detect calcium. The section analyzed was randomly selected, and the five regions measured encompassed all or nearly all of the leaflet. Acquisition was performed at x 500 magnification for 180 seconds, using an accelerating voltage of 15 kV and an emission current averaged at 95 pA. The beam angle was 90° and the working distance was 35 mm. For each leaflet, the mean number of calcium counts per region was recorded.
Data were pooled for each group of valve leaflets, and the group mean and standard error were calculated. Statistical analysis between groups was performed using a one-way analysis of variance (ANOVA). When statistically significant differences using ANOVA were encountered, comparisons between groups were performed using multiple Student's t-tests with application of Bonferroni's inequality for multiple comparisons between groups.
LUPINETTI, COBB, KIOSCHOS, ETAL. leaflets of aortic valve allografts is in part related to immunological differences between donor and recipient. We are aware of only limited additional evidence that suggest an immunological influence on allograft calcification. GonzalezLavin and colleagues studied aortic valve allografts transplanted between puppies that were either littermates or not related. They observed significantly greater calcification in the aortic walls of allografts transplanted between unrelated animals. However, there was not a statistically significant difference in the calcium content of the valve leaflets. We have seen several patients with right ventricle to pulmonary artery allografts that exhibited marked calcification of the allograft arterial wall without discernible dysfunction or calcification of the valve leaflets. Calcification of allograft aortic wall without calcification of the leaflets has been described in experimental studieg and in the clinical setting:
The findings in the present report differ in two important respects from previously described observations regarding calcification of glutaraldehyde-preserved porcine xenografts. First, the histologic pattern of calcification of glutaraldehyde-preserved bioprostheses is much more regular than in allografts. In porcine aortic valve leaflets, the spongiosa is the predominant site of calcium deposition. This pattern is observed in subcutaneous implants of valve leaflets in rats and in mitral valve replacements in calves? Marked differences have been described in the frequency and morphology of calcification comparing clinically implanted allografts and xenografts2 These observations stand in contradistinction to the highly irregular distribution of calcium observed in the rat allografts in the present investigation. Second, available data regarding immunological influences raise the possibility that there may be no influence of immunological factors on calcification of glutaraldehyde-preserved valves. Porcine bioprosthetic valves implanted subcutaneously into congenitally athymic (nude) mice calcified to a comparable degree to those implanted into immunologically normal animal^.^ This observation, while not excluding the possibility for an immunological mechanism, strongly indicates that normal T-lymphocyte activity is not required for bioprosthetic valve calcification.
The technique of EDX for evaluating calcification of heart valves was first described by Nelson and associates.lOThey showed that calcification of bioprosthetic valves determined by EDX correlated strongly with biochemical measurements of calcium. One primary advantage of EDX in this model is that it allows precise determination of calcium deposition in the valve leaflets alone. Other bulk measurements of calcium by biochemical analysis may not exclude all aortic wall and myocardium, which may have calcification to a markedly greater or lesser degree than the leaflets. A second advantage of EDX is that it can be applied in a nondestructive fashion to thevery small quantities of tissue that are used in this experimental model. The same leaflets can, therefore, be used for calcium assay and morphological analysis.
The advantages of heterotopic insertion in the rat as a model for the study of allograft pathology include: (1) low operative mortality; (2) ability to use inbred strains; (3) exposure of the allografts to mechanical forces similar to those encountered with orthotopic insertion; and (4) exposure of the allografts to arterial oxygen content, pH, and blood elements. The ability to use the results obtained with this model to extrapolate to the clinical setting may, however, be limited by other factors. For example, because the native aortic valve is not removed and the allograft is purposely made incompetent, the al-A L LOG R A F T VALVE CA LC I F I CAT I0 N lograft is not subjected to the precise mechanical stresses that would apply if the valve was competent and fully functional. It must also be recognized that the immunological properties of the allograft may be determined to a lesser degree by the valve leaflet than by the aortic wall and myocardium.' However, since ail techniques of allograft insertion require some preservation of the graft myocardium and arterial wall, the model is consistent with clinical methodology.
Other experimental studies of allograft valves have used models that have contrasting advantages and disadvantages. Right ventricular outflow replacement with allografts permits working with larger grafts, facilitating macroscopic analysis and functional measurements.6,12 Such models necessarily require outbred animals, and consequently cannot provide the same immunological comparisons permitted with rodent studies. Subcutaneous implantation has proven successful in elucidating the mechanisms and methods of prevention of calcification in glutaraldehyde-preserved ~e n o g r a f t s . 8~~~~~ This model yields rapid and reproducible results with little operative mortality. This technique cannot, however, be applied to allografts. Subcutaneously implanted allograft tissues are rapidly destroyed and cannot be usefully studied. A variety of ingenious methods for partial or complete intracardiac allograft insertion in the laboratory setting have also been described.14-16 However, none of these models is precisely analogous to the most common clinical application they are attempting to simulate, specifically freehand aortic valve replacement with an aortic allograft.
The findings in this study may assist in the understanding of some of the clinical results of allograft valves. The small differences in calcification between different allogeneic strains suggest that the immunological influence on calcification exists only to a certain degree. A large number of centers including ours17 have observed excellent functional results and a relatively low incidence of primary tissue valve failure following allograft insertion. These results have been obtained despite the absence of tissue typing between donor and recipient and without treating recipients with immunosuppressive drugs. Although many surgeons prefer to use ABO blood group matched allografts when possible, allograft implantation in the face of incompatible blood groups has not been demonstrated to have an impact on clinical results.'* Furthermore, the extremely low calcification of syngeneic valves in the present study may explain the superior results that have been described with pulmonary valve autotransplantation into the aortic position. ' Previous studies from our laboratory have addressed the immunogenicity of allograft valves and the potential for modification of this immunogenicity by variations in storage techniques. Allograft aortic valves are immunogenic, and this immunogenicity is not altered by cryopreservation techniques3 However, prolonged storage of allografts at 4OC in a nutrient medium does reduce, but does not eliminate, immunogenicity.20 Conversely, other investigators have shown that the fetal calf serum commonly used in allograft preservation media is a potent antigen and may accentuate the immunogenicity of the graft.*I The present investigation studied only valves implanted immediately following harvest without exposure to antibiotics, other media, or any other potential influences on immunogenicity. Any conclusions regarding immunological effects on calcification may be applicable only to this particular allograft preparation. Thus, it would be desirable to examine whether the commonly used treatment modalities that modify immunogenicity also modify the ultimate calcification of these grafts.
In summary, an association between immunological differences and calcification of aortic valve allografts is present, but limited. It is uncertain whether immunogenicity will ultimately be proven as important a determinant of allograft calcification as other factors, notably cellular viability, antibiotic exposure, duration of ischemia, storage medium, and storage temperature. The techniques and evidence described in the present investigation may thus provide a starting point for additional studies regarding the pathological fate of these interesting materials.
